Gold nanoparticles have attracted much interest because of their tunable Surface Plasmon Resonance (SPR) peaks, leading to important applications in the fields of chemistry, biology and materials sciences[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. As is well known, the SPR properties of metallic nanoparticles (NPs) can be calculated by solving Maxwell\'s equations[@b8] in terms of theory, and exact solutions to Maxwell\'s equations are known only for spheres, concentric spherical shells, spheroids, and infinite cylinders[@b9]. Specifically, Mie theory is the exact analytical solution of Maxwell\'s equations for a nanoparticle with defined shape[@b10]. However, it is difficult to synthesize monodispersed noble metallic nanoparticles in a wide range of sizes and controlled shapes on a large scale, and their observed optical absorption property can not obey Mie theory prediction accurately.

In recent years, gold spherical nanoparticles have attracted much attention in fundamental research[@b11][@b12], such as Fano resonance[@b13][@b14]. Since such spherical nanostructures will give precise SPR spectra and can exclude the undesirable SPR signals originating from the particle corner, facets and size distribution in contrast with the arbitrary shape[@b10][@b15]. Hence, a gold perfectly spherical nanoparticle is an ideal model to verify the optical property predicted by Mie theory under light irradiation.

More recently, focus has also turned to cellular and medical applications for such gold nanoparticles[@b2][@b16]. Besides the effects of size and surface functional group of gold nanoparticles, a particle shape is another important influence for delivering it into the cell[@b17]. For instance, Chithrani et al. showed that gold nanoparticles with spherical shapes took shorter wrapping time to wrap the entire bulk in comparison to the nanorod because of the decrease in the surface area[@b18][@b19]. Therefore it is urgent to obtain the homogeneous gold nanospheres without any facets. However, the crystalline gold nanoparticles (NPs) prepared in a solution phase always tend to grow anisotropic and accompany with a high tendency to form distinct facets naturally[@b20][@b21], driven by the surface free energy minimization[@b22]. To date, there have many demonstrations focusing on the synthesis of Au nanospheres, such as a citrate reduction method[@b23][@b24], Brust−Schiffrin method[@b25][@b26], seeding growth method[@b27][@b28]. However, most of the nanospheres reported in these methods are not in a truly spherical shape. Usually, they are multiply twinned particles with more or less rounded profile and with smaller facets on the surface[@b9]. In other words, these nanoparticles obtained by classical growth methods should be called quasi-spheres. It still keeps a challenge to obtain the ultrasmooth gold nanospheres with high monodispersity.

To address this requirement, some investigations have been tried to produce real-nanospheres. These methods can be roughly divided into wet chemical methods and novel physical methods for auxiliary. In wet chemical methods, Lee et al.[@b22] developed a strategy to prepare ultra-smooth, highly spherical monocrystalline gold particles by using the growth in solution and subsequently chemical etching method. Undeniably, these spherical gold crystals are smoother than the one synthesized by conventional chemical methods. But the etching process only removes selectively the grain edges and boundary which have higher surface free energy. Scrutinizing these particles, one can find that the leaving intact particles still have smaller facets. In physical methods, a laser irradiation has been used to modify varieties of noble metal nanostructure to spherical morphology. Koshizaki\'s group[@b29][@b30][@b31][@b32] developed a non-focused laser irradiation method to produce spherical sub-micrometer particles of various materials in nanocolloids. In their method, ultra-smooth spherical sub-micrometer particles have been obtained, but display an uncontrollable size distribution, resulting in polydispersity. For contrast, Werner, D. et al.[@b33] reported that gold nanospheres with controllable size distribution can be fabricated by tuning the adscititious pressure, laser intensity and excitation wavelength in laser irradiation. They emphasized that the application of an external high pressure have suppressed the formation of the bubble, under this case, the size of gold nanospheres can be controlled only by further changing the laser fluence. The application of adscititious pressure makes manipulation in the preparation process complex.

Herein, we develop a facile and effective strategy to achieve monodispersed Au spherical nanoparticles. Firstly, large-scale monocrystalline Au octahedral nanoparticle with uniform size are synthesized by a straightforward polyol-route. The size dimensions of Au octahedra can be manipulated from tens to hundreds of nanometers. Secondly, non-focused laser irradiation technology is applied to transform Au particles from octahedron to spherical shape in a liquid under ambient atmosphere in short time. Ultra-smooth gold nanospheres with high monodispersity can be obtained by simply optimizing the laser fluence and irradiation time. Moreover, the morphology transformation of Au octahedral nanoparticle under the nanosecond laser irradiation strongly depends on a photothermal melting-evaporation process. Further, these Au nanoparticles can be fabricated into ordered arrays by self-assembly technique due to their high monodispersity and perfect spherical shape. Importantly, such Au nanospheres array shows a significantly SERS performance associated with their periodic structure due to existence of many SERS hot spots between neighboring Au nanospheres in an array. These gold nanospheres and their self-assembled arrays possess distinct physical and chemical properties that will make them as an excellent and promising candidate for applying in sensing and spectroscopic enhancement, catalysis, energy, and biology[@b34][@b35][@b36].

Results
=======

Pristine Au nanoparticle aqueous colloidal solutions obtained by polyol process contain a large amount of Au uniform, highly mono-dispersed octahedral nanoparticles with average edge lengths of 72 (±3.1) nm. It should be mentioned that this edge length is slightly smaller than real one, because the measured value is a horizontal projection of edge length and the vertex of the octahedral nanoparticles is faded out (see [Fig. S1 in support information](#s1){ref-type="supplementary-material"}). These nanoparticles were placed under a non-focused nanosecond pulsed laser with wavelength of 532 nm for irradiation using gentle laser fluence at 3.84 mJ cm^−2^ for 60 seconds. Under such optimized experimental condition, a large amount of spherical nanoparticles were produced, as shown in [Figure 1](#f1){ref-type="fig"}. SEM images in [Figure 1a and 1b](#f1){ref-type="fig"} show that these Au NPs exhibit uniform spherical shapes. Corresponding TEM image shown in [Figure 1c](#f1){ref-type="fig"} indicates these Au nanoparticles demonstrate perfect spherical shapes. An inset in [Figure 1d](#f1){ref-type="fig"} is a feature TEM image of one Au NP, reflecting ultra-smooth surface of particle. [Figure 1d](#f1){ref-type="fig"} is selected area electron diffraction (SAED) pattern of a Au NP in its inset, indicating a face-center cubic (FCC) crystal structure[@b21]. Additionally, it also reveals that the irradiated Au spherical nanospheres are single crystalline. The average particle size is about 75 (±2.6) nm ([Figure 1e](#f1){ref-type="fig"}), showing an excellent monodispersity with very narrow size distribution. All of the above results confirm that the final Au nanoparticles, obtained by non-focused laser irradiation, are ultra-smooth and perfect spherical shape with a highly single crystalline.

[Figure 2](#f2){ref-type="fig"} shows the measured absorption spectra of the Au spherical nanoparticle obtained by laser irradiation and pristine Au nanooctahedra dispersed in water. The optical spectra of Au nanospheres and pristine Au nanooctahedra dispersed in water display absorption peaks centered at 542 nm and 578 nm respectively, which originates from the surface plasmon resonances (SPR)[@b37]. The SPR peak of Au nanoparticle presents a blue-shift after changing their shapes from octahedral to sphere after laser irradiation, meanwhile, the color of colloid solutions changes from light wine reddish to light brick reddish as shown in the inset of [Figure 2](#f2){ref-type="fig"}. The change of SPRs peaks depends extremely on the nanoparticle structures, because the structures with sharp corners induce the inhomogeneous distribution of surface electronic cloud that yielding additional charge separation and different multipolar moments, as reported by Noguez and Katherine[@b15][@b38]. When compared with the octahedral structure, the spherical structure of the same size has a blue-shifted peak. It can be attributed to the reduced charge separation in these structures[@b39]. Once the charge separation decreased, an increasing restoring force is achieved for the dipole oscillation, resulting in a larger frequency and shorter wavelength.

Plasmonic materials, while irradiating with light, can generate plasmon-mediated evanescent fields near their surfaces, which has great potential applications in nanomedicine, nano-optics and plasmonic solar cells[@b40][@b41][@b42] and so on. Au nanocrystals with controlled shapes, sizes and surfaces, are ideal building blocks for fabrication of plasmonic materials because of their unique and useful optical phenomena, especially for the spherical geometry. Our results reflect that Au uniform octahedral nanoparticles can be prepared by a straightforward polyol-route, and a further laser irradiation is facile, efficient approach to change them into monodispersed Au perfect spherical nanoparticles. Due to their uniform spherical shapes, these Au nanospheres can be self-assembled into hexagonal close-packed monolayer more easily and this monolayer can be further transferred onto a desired substrate. As shown in [Figure 3a and 3b](#f3){ref-type="fig"}, a large-scaled, close-packed periodic array is obtained by a Langmuir-Blodgett technique. The interparticle gap distances of this array are in the range of sub-10 nm, as shown in [Fig. S2](#s1){ref-type="supplementary-material"}. Such Au nanosphere array has important applications in areas of surface-enhanced Raman scattering (SERS)[@b43], catalysis[@b44] and plasmonic crystals[@b45], and would render the creation of novel optical materials relying on their tunable plasmonic response[@b46].

SERS properties of this Au nanosphere arrays on silicon substrates were also investigated. [Figure 4a](#f4){ref-type="fig"} shows the Raman spectra of R6G molecules (10^−6^ M) on the Au nanosphere array (Curve i) and the normal Au film (Curve ii) for comparison. Obviously, the Au nanosphere array exhibits significantly higher SERS performance than that of the simply sputtered Au film. Qualitatively, the Raman counts at 615 cm^−1^ for the Au nanosphere array is about 30 times higher than the normal Au film. When the R6G solution decreased into low concentration (such as 10^−11^ M), the SERS signal is still distinct within 1 s in integral time and 5 mW in laser power, as shown in [Figure 4b](#f4){ref-type="fig"}.

Discussion
==========

The morphological change from nanooctahedra to nanosphere of Au nanoparticle is mainly affected by laser fluence and irradiation time.

Laser fluence
-------------

[Figure 5](#f5){ref-type="fig"} shows the FE-SEM and TEM images of Au NPs obtained by laser irradiation (λ = 532 nm, 20 Hz) at varies of laser fluence for 240 s. The original octahedral nanoparticles display distinct edges and corners with no obvious defects on their surface ([Figure 5a and 5b](#f5){ref-type="fig"}). At a low fluence, for instance, 1.76 mJ cm^−2^, it is found that octahedral Au NPs can be rarely transformed into spherical shape ([Figure 5c and 5d](#f5){ref-type="fig"}). While increasing the laser fluence to 2.87 mJ cm^−2^, more than half number of octahera are transformed into spherical shape ([Figure 5e and 5f](#f5){ref-type="fig"}). When the fluence is 3.84 mJ cm^−2^, a completely spherical shape transformation is achieved ([Figure 5g and 5h](#f5){ref-type="fig"}). If the fluence is too high, a size reduction accompanied with smaller fragments of Au NPs will be witnessed because of the photo-thermal evaporation process[@b47]. For instance, at the high fluence of 5.50 mJ cm^−2^, spherical nanoparticles accompanied with small gold cluster are clearly confirmed in the SEM and TEM images ([Figure 5i and 5j](#f5){ref-type="fig"}). These results indicate that the effect of laser fluence is remarkable during laser irradiation and an increase in the laser fluence results in a distinct morphology change from octahedral to spherical at a suitable range of fluence. This can be attributed to the laser-induced surface melting or entire bulk melting of the origin Au NPs after absorbing suitable energy from laser pulses[@b48]. Besides the shape change during laser irradiation, a fusing process of the Au NPs can be found. This could be the results of the laser-induced agglomeration of two fully melting Au NPs in colloid solution in a little probability, as marked in [Figure 5h](#f5){ref-type="fig"}. In this case, a small quantity of larger spherical Au particles will be generated from this fusion procedure. Occasionally the intermediate fusing state during fusion can be remained since the quick quenching of the fusing particles in the flowing solution, because this colloid solution keeps vigorously stirring during laser irradiation.

[Figure 6](#f6){ref-type="fig"} shows the corresponding absorption spectra of Au NPs in DI water irradiated for 240 s at different laser fluences. It indicates that there is a remarkable blue shift in their localized surface plasmon resonances (LSPR) peak with increase of laser fluence due to shape changes of Au nanoparticle ([Figure 6a](#f6){ref-type="fig"}). When Au nanooctahedra is irradiated by laser at 1.76 mJ cm^−2^ for 240 s, the LSPR peak shifts from 578 to 565 nm, which can be attributed to the slight melting of the Au octahedra corner, where the LSPR effect is extremely sensitive[@b49]. While increasing fluence to 2.87 mJ cm^−2^, the absorption peak containing a shoulder peak appears. This curve can be divided into two peaks, centered at 540 and 570 nm, which correspond to the LSPR peaks of Au spherical and quasi-octahedral structures, respectively ([Figure 6b](#f6){ref-type="fig"}). When laser fluence increased to 3.84 mJ cm^−2^, the LSPR peak is shifted into 542 nm because of the complete formation of Au nanospheres. While increasing into a high fluence of 5.50 mJ cm^−2^, the LSPR peak further shifts to 538 nm due to the size reduction of Au nanospheres. In short, a gentle laser irradiation at 3.84 mJ cm^−2^ can induce completely shape changes from octahedra to sphere and even size reduction, but it is not feasible to obtain a highly monodispersed spherical nanoparticles only by controlling the laser fluence.

According to the above results, there might have two possible routes to tackle this dilemma to prepare monodispersed and perfectly spherical nanoparticles. One is to prolong the irradiation time at lower fluence of 2.87 mJ cm^−2^, the other is to shorten the irradiation time at higher fluence of 3.84 mJ cm^−2^. Nonetheless, considering the pulse-to-pulse laser fluctuations, the lower laser fluence (2.87 mJ cm^−2^) may not be enough to melt the bulk Au NPs completely. Previous studies have pointed out that the high surface-area-to-volume ratio of Au NPs led to a lower surface melting temperature compared to the bulk melting temperature[@b50]. Thus, the irradiation of low laser fluence produce relatively low temperature and might only induce the surface melting of the Au NPs where the inner core of Au NPs still remains solid state. As shown in [Figure 5f](#f5){ref-type="fig"}, the formation of the partial spherical Au NPs could be the result of the fluctuation of laser pulse, which substantially leads to the particle temperature fluctuating above and below the surface melting temperature. Additionally, prolonging the irradiation time will raise the fusion probability among the melting Au NPs.

Therefore, it is possible to decrease the irradiation time at 3.84 mJ cm^−2^ to prepare monodispersed, Au perfectly spherical nanoparticles. And it will be investigated as following part.

Irradiation time
----------------

At fluence of 3.84 mJ cm^−2^ for 240 s, although most of Au nanoparticles are spherical shapes, a few dimer and larger Au nanoparticle turns up during laser irradiation due to fusing of two melted particles, as marked in [Figure 5h](#f5){ref-type="fig"}. These dimer and larger nanoparticles are caused by redundant time of laser irradiation and further increasing the fusion possibility. [Figure 7](#f7){ref-type="fig"} shows the FE-SEM and TEM images of Au NPs obtained by laser irradiation for varies of decreasing irradiation time at 3.84 mJ cm^−2^. When increasing the irradiation time gradually, an increasing proportion of spherical Au NPs transformed from Au octahedral nanoparticles was observed, as shown in [Figure 7(a--f)](#f7){ref-type="fig"}. [Figure 7e and 7f](#f7){ref-type="fig"} indicate that the expected perfect-spherical Au NPs with highly monodispersity are obtained for laser-irradiation for 60 s. Further prolonging the irradiation time up to 120 s will result in a fusing procedure of the spherical NPs to form Au dimer particles (as marked in [Figure 7h](#f7){ref-type="fig"}). This observation correlated well with our speculation that the fusing of Au NPs is due to the laser irradiation overtime.

We also studied the corresponding absorption spectra of Au NPs at different irradiation time as shown in [Figure 8](#f8){ref-type="fig"}. [Figure 8a](#f8){ref-type="fig"} demonstrates an evolution of blue shift of the absorption spectra varying from 20 to 60 s. When increasing the irradiation time, one can observe that a LSPR peak at 578 nm originated from Au nanooctahedra gradually disappears and an absorption peak at 542 nm caused by Au spherical nanoparticles appears, which corresponds well with the results of the FE-SEM and TEM images. Although further prolonging the irradiation time leads to appearance of a few Au dimer and larger nanoparticles (less than 10% of the total number of Au nanoparticles), the peak position is changed not so much, as depicted in [Figure 8b](#f8){ref-type="fig"}. Therefore, we can conclude that the ultra-spherical Au NPs with highly monodispersity can be achieved only in optimal conditions, that are, gentle laser fluence (3.84 mJ cm^−2^), proper irradiation time (60 s).

Besides above influence factors, a vigorous stir during laser irradiation also affects the formation of high-quality Au nanospheres. It also should be pointed out that the concentration of the colloid solution before laser irradiation should be diluted into a low constant by DI water, because high concentration tends to increase the possibility of collision and fusion among nanoparticles during laser irradiation. Further, to confirm the validity of this method, a similar optimization process was also practiced with the smaller but uniform size of Au nanoocthedra. The ultra-spherical and monodisperse Au NPs with 50 nm in diameter can be obtained by laser irradiation at 3.97 mJ cm^−2^ in laser fluence and 90 s in irradiation times ([Fig. S3](#s1){ref-type="supplementary-material"}).

The formation mechanism of Au spherical nanoparticles
-----------------------------------------------------

In previous studies[@b51][@b52][@b53][@b54], the photothermal evaporation and Coulomb explosion mechanisms are two major models for interpreting the pulse laser-induced size reduction of Au NPs[@b55][@b56][@b57]. Recently, Werner et. al[@b58] have demonstrated a clear classification of the photothermal evaporation and coulomb explosion mechanisms based on the two-temperature model (TTM) for simulation. The two-temperature in this model represents for Lattice temperature (*T~L~*) and electron temperature (*T~e~*). They concluded that the photothermal melting-evaporation model is more suitable for the system of nanosecond pulsed-laser excitation. Because, for the gold system, the lattice\'s melting and boiling temperature (1336 and 3150 K respectively[@b59]) is easily reached, while leaving the electron temperature (above 7300 K[@b58]) insufficiently for the coulomb explosion to take place. Accordingly, the photothermal melting-evaporation model is suitable for our work due to application of nanosecond pulsed-laser irradiation and it will lead to a deeper understanding of the mechanism in the morphology transformation of Au NPs. Herein, based on the previous mechanisms presented by Werner et al.[@b50][@b58] and Pyatenko et al.[@b60], we simplify this model to understand the formation mechanism of our work and give as follow.

A laser energy, *E~abs~*, absorbed from an individual pulse of laser beam with pulse energy, *E~0~(τ)*, is equal to[@b60]

In this equation, beam cross section is *S~0~*, *J*(τ) is laser fluence dependent on pulse to pulse time τ, *J*(*τ*) = *E*~0~(*τ*)/*S*~0~, and is the particle absorption cross section, which is strongly dependent on laser wavelength and refractive index of surrounding medium *n*~m~. As described in TTM models, the laser energy absorbed by the metal NP is eventually transformed into heat, leading to a rise of the temperatures of *T~e~*, *T~L~* and *T~s~* (surrounding medium). The differential heat equation is given as follow[@b58],

Here, (*m~e~, m~L~, m~s~*) and (*c~e~, c~L~, c~s~*) are the mass and specific heat capacity of the electron, lattice and surrounding medium, respectively; *k* is the thermal conductivity, Δ represents Laplace operator, *g* denotes the coefficient of the electron-phonon coupling, *E~abs~* is the absorbed laser energy and *F* represents the interface energy transfer between the NP and liquid. For simplifications, the first terms on the right side of [equation (2](#m2){ref-type="disp-formula"}, [3](#m3){ref-type="disp-formula"}) are neglected (for *K~e~*(*T~e~*, *T~L~*)·Δ*T~e~* and *K~L~*(*T~L~*)·Δ*T~L~* *≈* *0*)[@b58]. Additionally, for nanosecond laser excitation, the time evolution of *T~e~* and *T~L~* is in quasi-equilibrium (*T~L~* ≈ *T~e~*) during the excitation period[@b58], and the mass of electron could be negligible compared with the one of lattice. For convenience, the heat loss caused by the radiation cooling and heat diffusion to the surrounding water (*F*) is also negligible during particle heating, because the typical times needed for particle cooling/solidification range from 10^−5^ to 10^−6^ s[@b60], which are much longer than the nanosecond laser (*τ~p~* = 10^−8^ s). On the other hand, the lattice heat will not be accumulated from one laser pulse to the next, for the time required for the cooling/solidification of Au NP is much shorter than 50 ms (20 Hz). According to the above approximation, the [equations (2](#m2){ref-type="disp-formula"}--[](#m3){ref-type="disp-formula"}[4)](#m4){ref-type="disp-formula"} will be generalized into a simplified form during the particle heating process. Integrated with the [equation (1)](#m1){ref-type="disp-formula"}, the general relationship between the nanoparticle temperatures (*T*) and laser fluences (*J*) is given in [equation (5)](#m5){ref-type="disp-formula"}.

Where, the subscript *j* defines as a mathematic set of the particle thermodynamic states, e.g. heating, melting and boiling to evaporation. *H* is the relative enthalpy per unit mass. Herein, the laser fluence (*J*) for each laser pulse can be considered as a constant. It is thought that a high absorption cross section is achieved at 532 nm exciting because of the SPR property of Au NPs. When adopting the laser beam with wavelength of 532 nm, is also a constant value since the octahedral Au NPs employed in our research are uniform and highly monodispersed.

With the help of [equation (5)](#m5){ref-type="disp-formula"}, it is easy to understand the mechanism of the photothermal melting-evaporation of shape changes from Au nanooctahedron to nanosphere under nanosecond pulsed-laser irradiation. [Figure 9](#f9){ref-type="fig"} shows a schematic to illustrate the morphological evolution of the octahedral Au NPs under nanosecond pulsed-laser irradiation. When laser fluence *J~p~* is smaller than the bulk melting threshold *J~m~*, only particle heating is achieved or even a slight melting sharp corner is taken place. Or perhaps a surface melting of particles will be achieved due to their high surface-area-to-volume ratio[@b61]. While at the condition of *J~m~* \< *J~P~* \< *J~evp~*, a bulk melting occurs and the particle turns into ultra-spherical liquid phase. Once the heat dissipation to the surrounding medium, particles solidify into ultra-spherical phase for keeping. However, when the condition of *J~P~* \> *J~evp~* is met, the particle reaches the boiling temperature and starts to evaporate. The laser-induced size reduction takes place, and the slightly smaller and much smaller Au NPs are observed as a result of the layer-by-layer surface evaporation.

A large scale ultra-spherical and highly monodispersed Au NPs can be prepared via this two-step strategy at optimal conditions. However, a small quantity of spherical Au NPs will agglomerate and fuse into a larger spherical NPs for the overtime laser irradiation, as evidenced from the TEM image of [Figure 5h](#f5){ref-type="fig"} and [7h](#f7){ref-type="fig"}. Therefore, the interaction among the spherical Au NPs should be taken into consideration during laser irradiation. According to Takeshi et al.\'s previous research[@b62], laser irradiation using a non-focused laser beam will bring about the removal and decomposition of stabilizing molecules on the surface of the Au NPs, and that causes the agglomeration of NPs dynamically, then induces the fusion of the agglomerated Au NPs. In our work, a small quantity of the Au nanospheres obtained by laser irradiation also displays a tendency to agglomerate into dimer dynamically. While irradiated by the next laser pulse, the dimer turns to a bulk melting state and dynamically fusing into a larger spherical particle, as illustrated in [Figure 9b](#f9){ref-type="fig"}. This aggolomeration of Au Nanospheres can be explained for the partial removal and decomposition of PDDA molecules on the surface of Au NPs during laser irradiation. In that case, prolonging the irradiation time will set up a vicious circle of the fusion process. In such vicious circle, larger gold nanospheres are gathering increase and lead to a poor monodispersity. Therefore, we confirm that an appropriate irradiation time is essential to maintain the monodisperity of Au nanospheres while the phase transformation takes place.

SERS active substrate of Au periodic nanosphere array
-----------------------------------------------------

Finite-Difference Time-Domain (FDTD) simulation was employed to fully understand local electric field distribution of Au nanosphere array under light excitation, as shown in [Figure 10](#f10){ref-type="fig"}. As we all know, two mechanism models, electromagnetic (EM) enhancement and chemical enhancement (CE), are the predominant roles in explaining the SERS phenomenon[@b63]. From the EM point of view, when the frequency of incident light is resonant with the SPR of the Au nanoparticle, a redistribution of the local EM field is induced by the coherent action between their dipolar filed and the exciting electric field. This process leads to a special 'hot spot' position, in which the EM field around the NP is greatly enhanced. The molecule near or adsorbed at the hot spot is excited and results in much enhanced Raman-scattered signals. What\'s more, gaps (in sub-10 nm range) between adjacent Au nanoparticles provided further enhanced local EM fields because of the electromagnetic coupling at the junctions between neighboring nanoparticles[@b43]. This interparticle electromagnetic coupling causes the amplification of the polarization of the plasmons, thus generating large enhancement SERS signal from molecules in illuminated area, known as 'hot spots'. Herein, the periodic NP arrays results from self-assembly provide maximum surface density of well-defined "hot spots" upon optical excitation, exhibit enormous near-field enhancements exploitable for large SERS enhancements.

In conclusion, a facile and effective strategy is developed to synthesize monodispersed Au spherical nanoparticles by two steps, preparation of large-scale monocrystalline Au nanooctahedra with uniform size by a polyol-route and subsequently rapid synthesis of monodispersed Au nanospheres through a laser irradiation-induced shape conversion of Au nanooctahedra in a liquid under ambient atmosphere. High monodispersed, ultra-smooth gold nanospheres can be obtained by simply optimizing the laser fluence and irradiation time. We discovered that there have two major parameters that affect the formation quality of Au nanospheres: laser fluence and irradiation time. Mechanism investigation suggests that photothermal melting-evaporation model is suitable for the system of nanosecond pulsed-laser excitation to understand the complex process in our work. These Au nanoparticles could be fabricated into periodic monolayer arrays by self-assembly utilizing their high monodispersity and perfect spherical shape. These Au nanospheres arrays demonstrated very good SERS enhancement related to their periodic structure due to existence of many SERS hot spots between neighboring Au nanospheres in an array and hence can be used as an excellent and promising candidate for sensing and spectroscopic enhancement, catalysis, energy, and biology.

Methods
=======

Uniform Au octahedral nanocrystals were prepared by a facile polyol route according to our previous work[@b37]. Briefly, a given amount of chloroauric acid (HAuCl~4~, Aldrich) as gold source, poly(diallyldimethylammonium) chloride (PDDA, M~w~ = 100,000 \~ 200,000, 20 wt % in H~2~O, Aldrich) as surfactant, and HCl solution (Aldrich) were introduced into an ethylene glycol solution in a glass vial under vigorous stir. The final concentration of AuCl~4~^−^ ions, PDDA, and HCl in the initial gold precursor was 0.5 mM, 25 mM, and 5 mM, respectively. Finally, the mixture solution was heated at 195°C for 30 min in an oil bath without stir. The final color of the solution appears to light wine reddish, reflecting the formation of Au nanocrystals.

The colloidal Au octahedral nanoparticle diluted with deionized (DI) water (1:3 volume ratios, 4 mL in total) was added into a clean weighing bottle (25 mm × 40 mm) under magnetic blender. A non-focused Nd: YAG laser operated at 20 Hz with a wavelength of 532 nm and pulse duration of 10 ns vertically irradiated into the Au colloidal solution in weighing bottle. The diameter of laser beam irradiated on the solution was about 5 mm. The solution was continuously stirred by magnetic rotor during irradiation. With increase of irradiation time, the color of colloidal Au nanoparticle was gradually changed from light wine reddish to light brick reddish. The final product was collected by centrifugation at 12, 000 rpm for 45 min and washed repeatedly with pure DI water for further characterization and optical property study. These Au nanospheres obtained by laser irradiation were modified with excess amounts of 30 mM dodecanethiol in ethanol solution as the capping agent for further self-assembly[@b64] and then centrifuged, dispersed into chloroform. The Au monolayer nanosphere arrays were formed by dropping the mixed solution onto the water surface by self-assembling process until the chloroform was fully evaporated. This Au monolayer was gently picked up by using a clear silicon substrate, dried with flowing N~2~ gas, and then placed into a ultra-violet ozone cleaning systems (UVOCS) for 1 h to remove the surface coating materials. For Raman spectral examination, these pretreated samples were soaked into Rhodamine 6G (R6G) with different concentrations for 30 min, rinsed with DI water, and dried with flowing N~2~ gas for further SERS characterization.

The morphology of the final product was characterized by a field emission scanning electron microscopy (FE-SEM, FEI Sirion 200). The samples for TEM examination were prepared by dropping the Au nanoparticle colloidal solution on copper grids with thin carbon coating and then drying by evaporation in air at room temperature, selected area electron diffraction (SAED) studies were performed on a JEM-200CX operated at 200 kV. For optical measurement, the products were dispersed in water and then optical absorption spectra were recorded with a spectrophotometer (Cary 500) in the wavelength range of 200--800 nm, using an optical quartz cell with a 10 mm path-length. The Raman spectra were recorded on a macroscopic confocal Raman spectroscopy (LAICA DM 2500) by using a laser beam 532 nm in wavelength for excitation at room temperature. The integral time and accumulations were 1 s and 3 times for all samples respectively.
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![Au spherical nanoparticles obtained by the non-focused nanosecond pulsed laser irradiation of pristine octahedral nanoparticles (wavelength: 532 nm, fluence: 3.84 mJ cm^−2^, irradiation time: 60 s).\
(a) FE-SEM images for top view, and (b) tilted view. (c) A corresponding TEM image. (d) SAED pattern, inset: TEM image of single Au spherical particle. (e) and (f) Size distribution of the spherical and octahedral Au NPs respectively, measured from TEM images of samples with 187 particles: 75 ± 2.6 nm in diameter of Au nanospheres (red column), 72 ± 3.1 nm in edge length of pristine nano-octahedra (blue column).](srep07686-f1){#f1}

![UV-vis absorption spectra of Au pristine nanooctahedra (black dash dot line) and nanospheres (blue solid line) in water obtained after laser irradiation.\
Inset: photographs of colloid solution and TEM images of Au nanostructure, and the scale bars are 20 nm.](srep07686-f2){#f2}

![SEM images of the self-assembled Au monolayer spherical nanoparticle arrays on a silicon substrate.\
(a) high and (b) low magnification with titled views.](srep07686-f3){#f3}

![SERS spectra of R6G molecules on different substrates.\
(a) after immersion in 10^−6^ mol L^−1^ R6G solution for 30 min (Integral time: 1 s). Curves i: Au spherical nanoparticles array, Curve ii: a normal Au film (about 80 nm in thickness) prepared by sputtering deposition. (b) Raman spectra of R6G molecules on Au nanoparticle array after immersion in 10^−11^ mol L^−1^ R6G solution. Note: the laser powers operated in (a) and (b) are 1 and 5 mW respectively.](srep07686-f4){#f4}

![SEM and TEM images of Au NPs obtained by laser irradiation (λ = 532 nm, 20 Hz) at various laser fluences for 240 s.\
(a, b) original octahedral nanoparticles, (c, d) 1.76, (e, f) 2.87, (g, h) 3.84 and (i, j) 5.50 mJ cm^−2^.](srep07686-f5){#f5}

![The absorption spectra of Au NPs in aqueous solution after 532 nm laser irradiation.\
(a) Different laser fluences for 240 s. (b) Gaussian fitting analysis for the curve of 2.87 mJ cm^−2^.](srep07686-f6){#f6}

![SEM and TEM images of Au NPs obtained by laser irradiation (λ = 532 nm, 20 Hz) at 3.84 mJ cm^−2^ for (a) 20, (b) 40, (c) 60, and (d) 120 s.](srep07686-f7){#f7}

![The absorption spectra of Au NPs obtained by laser irradiation (532 nm, 20 Hz) at 3.84 mJ cm^−2^ for irradiation times varied from (a) 20 s to 60 s, (b) 60 s to 240 s.](srep07686-f8){#f8}

![Schematic illustration of nanosecond laser-irradiation induced shape transformation of the octaheral Au NPs in water.\
*J~m~*, threshold for melting to liquid phase of bulk gold; *J~evp~*, threshold for boiling to evaporation of bulk gold; *J~p~*, laser fluence acting on gold NPs.](srep07686-f9){#f9}

![FDTD simulation of electric-field intensity distribution (indicated by the color bar) of Au nanosphere array by self-assembly.\
Parameters were based on those of the Au nanosphere array with hexagonal-close-packed arrangement, a periodicity is 75 nm, the substrate is silicon and the excitation line is 532 nm.](srep07686-f10){#f10}
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